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A b s t r a c t
The addition of o r t h o -c h l o r a n i l t o the s u r f a c e of f i l m s of m e t a l -f r e e phthalocyanine h a s been found (a) t o i n c r e a s e the d a r k conductivity of s u c h f i l m s b y a s m u c h a s l o 7 , (b) t o i n c r e a s e the s t e a d y -s t a t e photoconductivity b y a s m u c h a s 105, and (c) t o r e s u l t i n t h e f o r m a t i o n of u n p a i r e d e l e c t r o n s whose c o n c e n t r a t i o n d e c r e a s e s r e v e r s i b l y a s a r e s u l t of illumination. T h e s e s y s t e m s exhibit a light-induced p o l a r i z a t i o n , t h e phthalocyanine l a y e r becoming m o r e p o s i t i v e with r e s p e c t t o t h e o r t h o -c h l o r a n i l l a y e r . Kinetic s t u d i e s d e m o n s t r a t e t h a t , upon illumination, a single p r o c e s s ( t i m e c o n s t a n t = 40
s e c o n d s ) r e s u l t s in the i n c r e a s e i n conductivity, the d e c r e a s e i n unpaired s p i n s , a n d t h e i n c r e a s e in p o l a r i z a t i o n . The r e s u l t s a r e c o n s i s t e n t with the following s c h e m e . An e l e c t r o n t r a n s f e r f r o m phthalocyanine t o o r t h oc h l o r a n i l o c c u r s i n the d a r k a t r o o m t e m p e r a t u r e , producing h o l e s i n t h e phthaloc yanine l a y e r and o r t h o -c h l o r a n i l negative ion r a d i c a l s (high conductivity, ESR s i g n a l ) . Illumination r e s u l t s i n the t r a n s f e r of a n e l e c t r o n f r o m a n excited phthalocyanine molecule t o t h e o r t h o -c h l o r a n i l negative ion, producing f u r t h e r phthaloc yanine holes and o r t h o -c h l o r a n i l double -ne,gative ion ( i n c r e a s e in conductivity, i n c r e a s e i n p o l a r i z a t i o n , d e c r e a s e i n ESR s i g n a l ) . B y equating s p i n concentration with c h a r g e -c a r r i e r c o n c e n t r a t i o n (phthalocyanine h o l e s ) i t is possible t o calculate a m o b i l i t y of 1 0 -4 cm2/volt/sec f o r holes in t h e phthalocyanine l a y e r . B y u s e of t h i s value, a quantum yield of unity i s c a l c u l a t e d f o r t h e production of c h a r g e c a r r i e r s i n doped phthalocyanine. T h e e x p e r i m e n t s indicate a quantum yield of l e s s than 1 0 -1 f o r undoped phthalocyanine. The o v e r -a l l r e s u l t s of adding a s t m n g e l e c t r o n a c c e p t o r t o a f i l m of phthalocyanine a r e thus t o (a) produce c h a r g e c a r r i e r s i n t h e d a r k , (b) i n c r e a s e t h e quantum yield f o r production of c h a r g e c a r r i e r s b y light, and ( c ) i n c r e a s e c h a r g e -c a r r i e r lifetime.
Introduction
A n u m b e r of s t u d i e s have indicated t h a t t h e conductivity of o r g a n i c s e m i c o n d u c t o r s m a y be significantly a l t e r e d b y t h e p r e s e n c e of i m p u r i t y m a t e r i a l s . F o r example, g a s e s s u c h a s 0 2 , C I Z , a n d NO2 have b e e n found ' t o i n c r e a s e b o t h t h e semiconductivity a n d photoconductivity of a n t h r a c e n e c r y s t a l s b y s e v e r a l o r d e r s of magnitude.
S i m i l a r e f f e c t s have b e e n o b s e r v e d with O2 and metal-phthalocyanines.
A k a m a t u --e t a1. 4 9 h a v e studied c o m p l e x e s between halogens and polycyclic a r o m a t i c compounds and have found 1 0~-1 0 9 -f o l d i n c r e a s e s i n d a r k conductivity o v e r t h a t of t h e p u r e hydrocarbon.
A l l t h e above effects have b e e n t e n t a t i v e l y i n t e r p r e t e d b y the r e s p e c t i v e a u t h o r s a s due t o a n i n c r e a s e i n the m o b i l i t y of c h a r g e c a r r i e r s ' 9 ' 9 3 3 6 , c a u s e d b y i n t e r a c t i o n bwtween the i m p u r i t y a n d t h e h o s t m o l e c u l e s .
The r e s u l t s quoted above s u g g e s t that t h e r e m a y b e a g e n e r a l effect of oxidizing a g e n t s ( e l e c t r o n a c c e p t o r s ) upon t h e conductivity p r o p e r t i e s of c e r t a i n o r g a n i c s u b s t a n c e s ( d o n o r s ) . T h e r e f o r e we f e l t i t t o b e of i n t e r e s t t o investigate t h e effects of organic oxidizing a g e n t s upon s u c h p r o p e r t i e s . ?A s u b s t a n t i a l p a r t of the w o r k p r e s e n t e d i n t h i s p a p e r i s t h e s u b j e c t of: David R . K e a r n s , E l e c t r i c and Magnetic P r o p e r t i e s of O r g a n i c M o l e c u l a r C r y s t a l s , P h . D. d i s s e r t a t i o n , U n i v e r s i t y of C a l i f o r n i a , B e r k e l e y , C a l i f o r n i a , 1959. § p r e s e n t a d d r e s s : D e p a r t m e n t of C h e m i s t r y , U n i v e r s i t y of A r i z o n a , T u c s o n , A r i z o n a . ' w . G . Schneider and T . C . Waddington, J . C h e m . P h y s . - 25, 358 (1956) . 'D.M. J. Compton and T . C . Waddington, J . C h e m . P h y s . - 25, 1075 (1956) . 3~. T . V a r t a n y a n and I. A. Karpovich, Dokl. Akad. Nauk S. S . S. R . -11 1, 56 1 (1956).
4~.
Akamatu, H. Inokuchi and Y. Matsunaga, Bull. C h e m . Soc. J a p a n -29, 2 13 'H. Akamatu and H. Inokuchi, in P r o c e e d i n g s of the T h i r d C o n f e r e n c e on C a r b o n ( P e r g a m o n P r e s s , New York, 1959), p . 51.
'~k a m a t u Inokuchi, and Matsunaga, Bull. C h e m . Soc. J a p a n 29, 213 (1 9 5 6 ) ; s e e p. 218.
-. I~~o n s , B r e e , and M o r r i s , i n P r o c e e d i n g s of t h e T h i r d C o n f e r e n c e on C a r b o n ( P e r g a m o n P r e s s , New ~o r k , i y~y j , p. 8 l .
F u r t h e r i n t e r e s t i n t h i s problem i s g e n e r a t e d by the fact that a g g r e g a t e s of porphyrin molecules (chlorophyll) and organic oxidizing agents (quinones, coenzyme Q! e t c . ) , a s well a s reducing agents (carotenoids), 9 3 10 o c c u r together in photosynthetic m a t e r i a l s , a n d t h e i r interaction m a y be of i m p o r t a n c e in the p r i m a r y quantum conversion p r o c e s s .
High conductivities have b e e n observed in chloranil, iodanil, and b r omanil complexes of dimethylaniline ; l electron spin r e s o n a n c e (ESR) has been obsery2d in molecular compounds'of diamines and substituted benzoquinones . P r e v i o u s work f r o m t h i s laboratory h a s d e m o n s t r a t e d that one can achieve large i n c r e a s e s i n d a r k conductivity of m e t a l -f r e e phthalocyanine upon the addition of s m a l l amounts of ortho-chloranil. l 3 In addition, a qualitative p a r a l l e l i s m between the ESR signal and the conductivity of various phthaloc yanine s a m p l e s w a s observed.
The studies p r e s e n t e d herein r e p r e s e n t a n extension of t h i s work.
Experimental P r o c e d u r e
The principal organic semiconductor used in t h e s e studies w a s phthalocyanine, although additional e x p e r i m e n t s w e r e c a r r i e d out with tetracene, coronene, and decacyclene. Methods of s a m p l e p r e p a r a t i o n and conductivity m e a s u r e m e n t s w e r e a s d e s c r i b e d previously. 15 The oxidizing agents w e r e applied by spraying a benzene solution onto the exposed a r e a of a surface ce1115 of the organic s e m i c o n d u c t o r . Occasional s a m p l e s w e r e p r e p a r e d f r o m solutions containing both donor and acceptor m o l e c u l e s , but r e s u l t s f r o m s u c h s a m p l e s r e q u i r e f u r t h e r investigation.
E l e c t r o n spin resonance m e a s u r e m e n t s w e r e c a r r i e d out with a previously d e s c r i b e d s p e c t r o m e t e r . 16 'F. L. C r a n e , Plant Physiol. - 34, 128 (1959). lass, Anderson, and Calvin, Plant Physiol. (in p r e s s ) .
1°sapozhnikov, Kayasovskaya, and Maevskaya, Dokl. Akad. Nauk S. S. S. R. 113, 74 (1957) . 1 6~o g o , P o , and Calvin, P r o c . Natl. Acad. Sci. U.S. 43, 387 (1957) .
In a s e r i e s of p r e l i m i n a r y e x p e r i m e n t s , i t was found that the d a r k conductivity and photoconductivity of phthaloc yanine, t e t r a c e n e , decac yclene, and coronene w e r e i n c r e a s e d t o varying d e g r e e s by the addition of s m a l l amounts of either ortho-chloranil, chloranil, or phenanthrene -quinone. Inasmuch a s the Largest effects w e r e obtained with ortho-chloranilphthalocyanine mixt;res, i t was decided t o limit this investigation t o system.
D a r k C onductivit v t h i s
The variation of the r o o m -t e m p e r a t u r e d a r k conductivity of a phthalocyanine sample with the amounf of added ortho-chloranif i s shown in F i g . 1. It i s apparent that the d a r k conductivity i n c r e a s e s with i n c r e a s i n g amounts of ortho-chloranil (doping) t o a maximum value of about l o 7 t i m e s that of the pure phthalocyanine.
0
A d e c r e a s e in t e m p e r a t u r e f r o m 25 C t o -1 0 0~~ r e s u l t e d i n a d e c r e a s e in the d a r k conductivity of a heavily doped phthalocyanine sample b y a factor of about l o 3 . This corresponds t o a n activation e n e r g y of approximately 0.2 ev.
Streedy-state Photoconductivity
The variation of the r o o m -t e m p e r a t u r e steady-state photoconductivity o r ortho-chloranil-doped phthalocyanine with ortbo-chloranil concentration i s a l s o shown i n F i g . 1. The maximum photocurrent obtained with a h e a v i l t doped sample was about l o 5 t i m e s that obtained with undoped m a t e r i a l . A s u m m a r y of the above r e s u l t s is given in Table I. The s p e c t r a l r e s p o n s e of photoconductivity in a lightly doped s a m p l e follows the absorption spectrum of p u r e phthalocyanine. As the amount of doping i n c r e a s e s , however, a photoinduced d e c r e a s e in conductivity can b e observed a t c e r t a i n wave lengths. The magnitude of t h i s effect i n c r e a s e s with increasing doping but is-never m o r e than a few percent of the photoinduced i n c r e a s e i n conductivity produced by phthalocyanine absorption. The s p e c t r a l r e s p o n s e of t h i s effect i s shown i n F i g . 2. The significance 7~e c a u s e of the experimental difficulties involved in m e a s u r i n g the t e m p e r a t u r e dependence of d a r k conductivity i n c e l l s of the type used i n these experiments ( s e e Reference 15), i t is not c e r t a i n that the slightly l a r g e r d e c r e a s e in d a r k conductivity upon cooling is significant. F i g . 2 . Action sp2ctrum of the r e v e r s e photoconductivity effect (100 A bandwidth). The s p e c t r u m was measured' under the condition of constant e n e r g y at a l l wave lengths, and a t a scanning r a t e of approximately 100 A O /~ s e c .
of this action spectrum i s not unambiguous inasmuch a s it r e p r e s e n t s the resultant of two opposing p r o c e s s e s . Cooling the sample c a u s e s t h i s effect t o d i s a p p e a r , with the r e s u l t that wave lengths which produced a d e c r e a s e in conductivity a t room t e m p e r a t u r e produce an i n c r e a s e in conductivity a t the low t e m p e r a t u r e s . It is a l s o possible t o o b s e r v e the replacement of the d e c r e a s e a t room t e m p e r a t u r e by an i n c r e a s e i n photoconductivity if the illumination a t that wave length i s prolonged.
The r i s e and decay c u r v e s f o r photoconductivity induced i n orthochloranil-doped phthalocyanine b y light in the phthalocyanine absorption bands consist of two components. 
a t i o of slow to fast components i n c r e a s e s with increasing doping. In the m o s t heavily doped s a m p l e s , the photoconductivity r i s e and decay c a n be attributed a l m o s t , entirely t o the p r o c e s s with the 40 -second t i m e constant. At low t e m p e r a t u r e s , the t i m e constant d e c r e a s e s and i s about 25 seconds
at -1 0 0~~.
E l e c t r o n Spin R e s onance It w a s observed that when ortho-chloranil was added t o a s a m p l e of phthalocyanine in the manner described above, a large ESR absorption could be detected, corresponding t o the p r e s e n c e of unpaired e l e c t r o n s p i n s in the sample ( s e e F i g . 4). The g r e a t e r the extent of doping, the g r e a t e r t h e ESR signal. When the sample was cooled t o about 100°C i n the s p e c t r o m e t e r cavity, no change in spin concentration or kine shape could be observed. As i t was not possible t o achieve uniform mixing of phthalocyanine and ortho-chloranil, it was t h e r e f o r e not possible t o m e a s u r e the r a t i o of unpaired spins t o the number of ortho-chloranil. molecules in a c t u a l contact with phthalocyanine molecules. The number (by comparison with dipheny4picryl-hydrazyl) of unpaired spins p e r t o t a l number of ortho-chloranil m o l e c u l e s added is 0.01. It i s of i n t e r e s t t o note that even in those c a s e s f o r which stoichimmMric compounds between electron donor (reductant) and e l e c t r o n acceptor (oxidant) have been m e a s u r e d , the number of unpaired e l e c t r o n spins i s always much s Ller than that expected for simple complete e l e c t r o n t r a n s f e r complexed (p 01% 0 1 9 . 1 8 9 19 1 8 y . Matsunaga, J. Chem. Phys. 
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, , J -, F i g . 3 . Semilog plots of t i m e dependence of photoconductivity, light -induced ESR, and light -induced polarization i n doped phthalocyanine. The relative positions of e a c h of the curves i n this figure a r e not comparable. Fig. 4 . Electron-spin-resonance s p e c t r u m of ortho-chloranildoped phthalocyanine. The curve r e p r e s e n t s the f i r s t derivative of the absorption.
When a heavily doped sample was illuminated in the ESR s p e c t r o m e t e r , a d e c r e a s e in unpaired spins could be observed (Fig. 5 ) . The magnitude of this effect corresponded t o a d e c r e a s e of approximately 5 to 20% in t h e spin concentration, depending upon the sample used, and was independent of the t e m p e r a t u r e . The s p e c t r a l r e s p o n s e of the photodecrease in spin concentration followed the phthalocyanine absorption s p e c t r u m . The photoinduced d e c r e a s e in ESR and the subsequent r i s e i n spin concentration, when the light w a s turned off, followed unimolecular kinetics, with a t i m e constant of approximately 40 seconds ( F i g . 3 ) . At -1 0 0~~~ the t i m e constant d e c r e a s e d t o about 25 seconds (Fig. 3 ) .
Light -Induced P o l a r i z a t i o n
When a n ortho-chloranil-doped phthalocyanine film was placed . between the plates of a condenser, a charging of the condenser could b e observed by using a vibrating-reed e l e c t r o m e t e r t o m e a s u r e the voltage developed ( F i g . 6). The sign of the induced charge on the condenser p l a t e s indicated that the phthalocyanine layer was positive with r e s p e c t t o the ortho-chloranil. When such a c e l l was illurninatdd, a n i n c r e a s e in p o l a r ization was observed. The s p e c t r a l r e s p o n s e of the photoinduced c h a r g e produced on the plates corresponded t o phthalocyanine absorption. The polarity of the effect demonstrated that upon illumination the phthalocyanine layer became m o r e positive with r e s p e c t t o the ortho-chloranil l a y e r .
The r i s e and decay of the light-induced c h a r g e on the condenser plates followed unimolecular kinetics with a room -t e m p e r a t u r e t i m e constant of about 40 seconds (Fig. 3 ) . The e x p e r i m e n t a l a r r a n g e m e n t did not p e r m i t cooling of the s a m p l e . The c o n c u r r e n t increitse.in d a r k conductivity and ESR in phthalocyanine upon the addition of ortho-chlbranil m a y be explained i n the following m a n n e r . Ortho-chloranil i s a strong oxidizing agent and t h e r e f o r e might be expected t o r e m o v e e l e c t r o n s f r o m the phthalocyanine if the two substances w e r e placed in intimate contact. The relative e a s e of t r a n s f e r of e l e c t r o n s f r o m the phthalocyanine t o the ortho-chloranil would depend upon the e l e c t r o n affinity of ortho-chloranil and the ionization potential of phthalocyanine. It i s postulated, then, that such an e l e c t r o n t r a n s f e r t a k e s place i n the d a r k in the doped s a m p l e s . This gives r i s e t o the observed ESR. Positive h o l e s which can conduct a r e f o r m e d in the phthalocyanine layer a s a r e s u l t of the t r a n s f e r and give r i s e t o the large d a r k curre-nts. This e l e c t r o n -t r a n s f e r The d a r k polarization of the ortho -chloranil-phthaloc yanine s y s t e m i s consistent with Reaction (1). Ortho-chloranil negative ions would not be expected to significantly contribute t o the conductivity b e c a u s e t h e y a r e s e p a r a t e d f r o m the electrodes by a relatively thick phthalocyanine l a y e r .
The mechanism proposed in Reaction (1) postulat'es that t h e i n c r e a s e in d a r k conductivity upon doping i s due t o the a c t u a l formation of c h a r g e c a r r i e r s , r a t h e r than an i n c r e a s e in the mobility of charge c a r r i e r s a l r e a d y p r e s e n t in the undoped m a t e r i a l . This i s supported by the following observations : (a) The d a r k conductivity of p u r e phthalocyanine h a s an activation e n e r g y of about 1 ev. l 5 T h i s lyf been a s c r i b e d p r i m a r i l y t o the p r o c e s s of formation of c h a r g e c a r r i e r s .
On the other hand, the photoconductivity of p u r e phthalocyanine has a n activation e n e r g y of onl 0.2 ev, 15
and t h i s can be i n t e r p r e t e d i n t e r m s of c h a r g e -c a r r i e r mobility. 2 y The fact that cooling a doped phthalocyanine sample t o -lOO°C does not d e c r e a s e the ESR signal and produces a much s m a l l e r d e c r e a s e in d a r k conductivity (Table I) than i s produced i n an undoped sample d e m o n s t r a t e s that the p r i m a r y p r o c e s s which o c c u r s in the d a r k upon doping i s not a p p r e c i a b l y r e v e r s e d a t the low t e m p e r a t u r e . T h e r e f o r e , the d e c r e a s e in d a r k conductivity in doped m a t e r i a l a t -lOO°C can be attributed t o the t e m p e r a t u r e dependence of mobility. Such a n identification i s supported b y t h e f a c t that photoconductivity in both doped and undoped s a m p l e s has t h i s s a m e t e m p e r a t u r e dependence. T h i s , we f e e l , i s strong evidea'ce that t h e m a i n r e s u l t of doping is t o produce charge c a r r i e r s . (b) When m o d e r a t e l y doped s a m p l e s a r e subjected t o f'iash illumination the d e c a y c u r v e s f o r photoconductivity a r e essentailly identical with the c u r v e s obtained with undoped 14mple s i n the p r e s e n c e of high-intensity ambient illumination ( F i g . 7). This indicates that charge c a r r i e r s a r e indeed produced b y doping and that these c a r r i e r s behave i n the s a m e manner a s do photoproduced c a r r i e r s .
' O~h e following abbreviations a r e used i n the discussion: 
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Although the above r e s u l t s definitely indicate that the i n c r e a s e d d a r k conductivity in doped s a m p l e s i s p r i m a r i l y the r e s u l t of a n i n c r e a s e d c h a r g ec a r r i e r concentration, i t i s not possible t o completely eliminate a s m a l l effect upon the c h a r g e -c a r r i e r mobility ( s e e below). 
0
This r e q u i r that the paramagnetic s p e c i e s observed in ESR be CH and that P H Y although paramagnetic, i s not detected, perhaps b e c a u s e of broadening of the resonance line. The d e c r e a s e in ESR, then, i s t h e r e s u l t of the transformation of CHO r a d i c a l s into cH@ ions which, owing t o aromatization of the pi-electron s y s t e m , would not be paramagnetic. The 40-second t i m e constant observed in t h e s e experiments d e m o n s t r a t e s t h a t charge c a r r i e r s have a considerably longer lifetime in the doped m a t e r i a l than in the undoped m a t e r i a l . This would r e s u l t in a large i n c r e a s e in steady-state photoconductivity upon doping, i n a g r e e m e n t with e x p e r i m e n t s .
It i s a l s o possible t o i n t e r p r e t the light-induced polarization phenomenon in t e r m s of Reaction ( 3 ) . It i s apparent f r o m the method of doping and f r o m F i g . 6 that m o s t of the cHQ r a d i c a l s will be in fixed positions n e a r one surface of the phthalocyanine l a y e r . T h e r e f o r e t h e postulated electron t r a n s f e r f r o m PH* t o CH@ should r e s u l t in a n i n c r e a s e d polarization, in which the ortho-chloranil layer becomes m o r e negative with r e s p e c t t o phthalocyanine. The r i s e t i m e , s p e c t r a l r e s p o n s e , and m e a s u r e d polarity of the polarization effect a r e consistent with t h i s hypothesis .
It was noted above that the decay of photoconductivity, the r i s e of ESR, and the polarization decay after illumination ceased w e r e a l l unimolecular p r o c e s s e s having the s a m e t i m e constant. This c a n be i n t e r p r e t e d i n t e r m s of the following reaction a s the r a t e -l i m i t m g s t e p in a l l t h e s e p r o c e s s e s :
B
Inasmuch a s the concentration of P i s high in the d a r k and i s not a p p r e c i a b l y changed by illumination (Table I) , Reaction (4) should r e s u l t in p s e u d ounimolecular kinetics. Since this r e a c t i o n i s relatively slow (40 -second t i m e constant) and yet has only a negligible apparent activation energy, t h e r e m u s t be some intrinsic improbabili'ty in it, as yet not understood. It i s a l s o not possible a t p r e s e n t t o account for the d e c r e a s e in t i m e constant a t low t e m p e r a t u r e s .
It is conceibable that the e n e r g y relationships between the s p e c i e s mentioned above a r e s u c h a s t o allow a t h e r m a l l y induced e l e c t r o n t r f r o m P H D o CHQ, resulting i n the p r e s e n c e of a s m a l l amount of CH the d a r k a t room t e m p e r a t u r e , It i s t h e r e f o r e possible t o i n t e r p r e t the photoin uced d e c r e a s e in conductivity (Fig. 2 ) a s the r e s u l t of a n excitation of CH 'and the subsequent tpansfer of an e l e c t r o n t o pHa, forming P H a n d CH 9 At -lOO°C the amount of CH @ b e c o m e s vanishingly s m a l l , r e s u l t i n g in the disappearance of t h i s photoreversal. The wave length f o r m a x i m u m r e s onse a t 4300 A (Fig. 2) might v e r y well c o r r e s p o n d t o the absorption of &J CH i n the m a t r i x in which it finds itself.
According t o Reaction ( I ) , the number of unpaired spins produced -by doping (neglecting the CH -concentration) is a m e a s u r e of the n u m b e r of charge c a r r i e r s produced in the phthalocyanine l a y e r . Thus, by m e a s u r i n g the conductivity of a sample with a m e a s u r e d spin concentration, one c a n calculate a charge -c a r r i e r mobility by the equation where I = c u r r e n t in e l e c t r o n s p e r second, p =mobility i n c m 2 p e r volt p e r second, 3 N = n u m b e r of c h a r g e c a r r i e r s p e r cm , E = f i e l d strength, A = c r o s s -s e c t i o n a l a r e a of conductor.
2 Such a calcuration r e s u l t s i n a value of crn /v/sec f o r the mobility of holes i n ortho-chloranil-doped phthalocyanine. By m e a s u r i n g the n u m b e r of light quanta r e q u i r e d t o produce a given c u r r e n t , 2g i t is possible t o
